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SUMMRY

The objectives of the Restartable High Power Gas Generator Program were to

design, fabricate, and perform hot fire tests on a fast start, throttlable

restartable, purgeless, gas generator using LOX/JP-4 propellants. The

nominal maximum power output of the gas generator is sufficient to produce

15,000 HP, when passed through a suitable turbine. It was assumed that the

turbine had an overall efficiency of 71%. Overall efficiency is defined as

shaft horsepower output divided by adiabatic gas horsepower input. The

design used existing Lance sustainer hardware requiring a minimum of modifi-

cation where possible.

The gas generator was designed to have a turndown ratio c - to 1. The gas

generator consists of two major subassemblies: the inje nd the combustion

chamber, including the turbine simulator and hot gas nozi The injector

was equipped with a movable pintle to modulate the oxidizer and fuel flow

over the throttling range. Control of the pintle was achieved with a

hydraulic servo valve using fuel inlet pressure as the activating media. The

combustion chamber was equipped with a turbulator to enhance the hot gas

temperature profile.

The unit was fabricated, water-flow calibrated, and subjected to fourteen (14)

hot fire tests. During the performance of these tests, several design modif-

ications were incorporated to compensate for deficiencies. The redesign

effort included the following:

1. Improved positive face shutoff seal to eliminate leakage.

2. Improved liquid oxygen thermal liner providing increased structural

integrity.

3. Nickle plating of the fuel ring exposed to hot gas to minimize erosion.

xi
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4. Improved thrust chamber-to-injector interface to enhance fuel

injection ring durability.

5. Improved pintle LOX dynamic seal minimizing leakaqe which produced

a pintle force imbalance during throttling.

6. Redesigned hot gas turbulator required to achieve the specified hot

gas temnerature profile.

7. Increasinq the injector fuel and LOX differential pressure to

eliminate a minor propellant/combustion process stability problem.

8. Copper plating the tip of the pintle to eliminate minor erosion.

As a result of the hot fire test program, the following key oDeratinq features

were demonstrated:

Fast Start - Ignition and transition to full power level within 500

milliseconds.

Throttlable - 5 to 1 turndown ratio demonstrated.

Restartable - Repeatable restart capability three seconds followinq

complete shutdown.

Purgeless Operation - Successful operation without oxidizer and fuel

propellant system purges.

xii
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Hot Gas Temperature - Distribution temperature profile demonstrated to

be less than 100°F, the maximum allowable

specified value.

Combustion Stability - Combustion process demonstrated to be stable.

xiii



INTRODUCTION

Requirements exist for larqe electrical power outnuts on a rapid-start inter-

mittent basis for specialized airborne systems. To date, approaches to meet

these requirements have been di -cted toward the development of staged mono-

propellant hydrazine generators capable of driving turbo-alternators up to

anproximately 6000 HP. Larger power outputs are now required; and the

uncertainty of further scaling the monopropellant hydrazine generators, along

with logistical, safety, and environmental considerations associated with the

use of hydrazine, appears to favor the use of alternate gas generator

propellants.

Liquid oxygen/JP-4 was identified for investigation: this propellant combin-

ation precludes the logistical, safety, and environmental problems inherent in

hydrazine, but present some new technical challenges in meeting the desiqn and

operational requirement as specified.

A program was performed to demonstrate the feasibility of a restartable high-

power gas generator capable of driving turbogenerators of 15,OOOHP The restart-

able ga generator is capable of operating over a 5 to 1 throttle ratio using

JP-4/LOX as a propellant.

The design concept makes use of existinq throttling technology, and capitalizes

on developed and qualified hardware concepts. To this end, the baseline gas

generator design utilized the features of the production Lance Sustainer deep

throttle-line injector technology, hardware and toolinn.

The Restartable High Power Gas Generator design and onerating requirements are

presented in Table I . The effort was accomplished during the following

major tasks outlined in Figure 1.

- m, .. .1
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TABLE 1. RESTARTABLE HIGH-POWER GAS GENERATOR

PERFORMANCE REnU IREMENTS

" Nominal Maximum Power Output (with overall turbine efficiency of 71%) -

15,000 HP

" Throttlability

5:1 Turndown Ratio

" Nominal Average Hot-Gas Temperature

1600 ±50 F Over Throttle Range

" Hot-Gas Uniformity at Turbine Inlet

Pattern Factor =- 1 < 0.065Tavg

" Startup Time (from start signal) to Full Gas Power

in 500 msec

* Restartability

Full Gas Power Within 3 seconds after termination of a 10-second
Run (indefinitely)

" Maximum Nominal Operating Pressure

700 psia Chamber Pressure

9 Overpressure Capability

10% Above Nominal Pressure

* Propellants

Satisfactory Operation with JP-4/LOX

- -~ Y~. ....
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Figure 1. Program Scope

Task I - Design of Breadboard Gas Generator

Task II - Hardware Fabrication, Procurement, and Test Facility Buildup

Task III - Breadboard Gas Generator Testing

TASK I - DESIGN OF BREADBOARD GAS GENERATOR

This task addressed the design and operating requirements for the breadboard

gas generator, and identified the necessary hardware modification to meet

these requirements. The specific areas emphasized during this design task

were: fast start-restart, throttling, purgeless operation, temperature

uniformity, propellant interchangeability,servo control, propellant thermal

management, combustion stability, materials comoatibility, endurance and

structural inLenrity.

3



At the conclusion of the design and analysis task, detail drawings of a 15,000

HP breadboard gas generator assembly were prepared, and a desiqn review held

with the AFAPL Project Manager for review.

TASK II - HARDWARE FABRICATION, PROCUREMENT, AND TEST FACILITY BUILDUP

The injector components were primarily fabricated from Lance Sustainer

injector detail parts with modifications to achieve the operational renuire-

ments. The Lance pintle position transducer servo valve and the J-2 spark

igniters were procured. The injector, combustor body, turbulator and nozzle

were fabricated, using Lance program established practices whenever possible.

Following fabrication and procurement of the detail components, and prior

to delivery to the hot fire test facility, the unit was assembled and subjected

to a series of leakage and cold flow calibration tests to characterize the

injection pattern and hydraulic behavior as a function of pintle throttle

position.

TASK III - GAS GENERATOR TESTING

A detail demonstration test plan of action was prepared and submitted to the

AFAPL Project Manager outlining the specific tests to be performed to

demonstrate the program objectives.

A total of fourteen (14) hot fire tests were performed. A brief description

of the tests performed is presented in Table II.

4
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GAS GENERATOR DESIGN

This section presents the basic design of the gas generator and a detailed

discussion of the significant analyses associated with the design. As the hot

fire program progressed, reevaluation and redesign efforts were initiated

to eliminate problem areas for subsequent hot fire evaluation. These analyses

and redesign descriptions are presented and discussed in the detail test

results section.

GAS GENERATOR DESIGN CONCEPT

The design of the gas generator was based on the Lance Sustainer injector with

those changes incorporated to accommodate the cryogenic oxidizer. A section

view of the gas generator is shown in Figure 2. The assembly consisted of:

1. Pintle-type throttling injector using a hydraulic servo valve to

control throttling;

2. Two injector face-mounted spark plugs for iqnition;

3. Combustion chamber equipped with a nickel liner to dissipate

localized chamber wall streaks;

4. Hot gas turbulator to enhance hot gas mixing;

5. Chamber extension equipped with a hot gas temperature rake;

6. Hot gas nozzle, simulating turbine inlet area.

7



LJ o

w

,ol

06e

-
fo.w,



INJECTOR CONCEPT

A section view of the injector is presented in Figure 3. The key design

features are as follows. The injector consists of a 347 Cres housing, fitted

with moveable pintle to modulate the propellant at a constant mixture ratio. The

vintle is equipped with a hollow section, providing a thermal barrier between

the cryoqenic liquid oxyqen and the relatively high freezinq point JP-4 fuel.

Pintle position conLrol is achieved by a four-way hydraulic servo valve using

JP-4 as a working media. A pintle position transducer is used for servo

feedback.

Liquid oxygen is introduced into the injector from the LOX shutoff valve

through the centerline transfer tube. The tube is fitted with a thermal liner

designed to minimize chilldown of the hardware by the cryogenic oxidizer. The

original thermal liner was a teflon tube. During the initial tests, a

structural failure of the tube was encountered (see Test Section). The liner

was redesigned using a concentric Cres tube providing a static oxyQen barrier

to minimize heat transfer.

The liquid oxygen is injected into the oxidizer manifold through the core

assembly. The liquid oxygen system relies on the metering rings to provide

a seal. Metering ring leakage is in the order of 1000 cc/min at 400 psid.

This minor leakage provides a means of preventing cryogenic lock-up following

test termination.

The core assembly is equipped with a cryogenic dynamic seal between the core

and the moveable pintle. The cavity downstream of the seal is vented external

to the injector.

The face of the core was equipped with a Lance sustainer injector ablative

cnrp chield to provide additional hot gas thermal protection.

9
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The fuel is delivered through an outer peripheral manifold. The fuel system is

enuipped with a positive fact shutoff seal, with the pintle in the full closed

nosition. The elastomeric seal attached to the Dintle makes contact with the

seal seat on the fuel ring, positively terminating the fuel flow at the

injector face.

The combustor chamber assembly consists of the chamber, hot gas turbulator,

removeable variable length section, and nozzle section. The chamber is fitted

with a nickel 200 liner to distribute localized hot streaks. Temperature and

pressure bosses and two high frequency chamber pressure bosses were provided.

Photographs of the injector detail injector components and combustion chamber

components are presented in Figures 4 throuih 13.

INJECTOR ELEMENT DESIGN

The fuel and oxidizer injection element configuration is basically the same

as the Lance Sustainer. The injection element configuration consists of 72

each oxidizer and fuel slots as shown in Figure 14 . Throttlinq is accomplished

by axial positioning of the pintle metering rings, which varies the slot height.

and consequently the flow area. The 0.060 inch wide slots are aligned to form

an unlike impingement pattern. The resulting impinging fuel and oxidizer is

directed into a splash plate which further enhances mixing.

Both the LOX and f-," injection configurations employ nrimary and secondary

slots. Figure 15 indicated the plan view of the slot configuration. The

secondary slots differ from the primary slots in that the slot run out for

the secondary slots is 0.110 less than the primary slots. The secondary slots

were employed to reduce the sensitivity of pintle position during deep

throttlina.

During throttling at a constant propellant inlet pressure and diminishing

11
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4EX55-2/27/80 CIG

Figure 6. Pintle

14



,I~~ -O-

4FX55-2/27/80 - dC

Figure 7. Core
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4EX55-2/27/9- -CIF

Figure 8. Fuel Injection Ring
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4EX55-2/27/80 CIB

Figure 9. Fuel Positive Face Shutoff Seal
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Figure 1. Combustion Chamber
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Figure 12. Conmbustion Chamber Extension
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Figure 13. Hot Gas Nozzle
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FIGURE 15. PLAN VIEW OF INJECTION SLOTS
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chamber pressure, the injector differential pressure increases.

INJECTOR INTERPROPELLANT COMMUNICATION

Due to the moving pintle within the injector, precautions were taken to assure

that the possibility of interpropellant communication was eliminated. Figure

16 shows the injector with all internal seals and seal cavity vents.

PINTLE SERVO CONTROL

Modulation of the pintle is controlled by a Mooa 35 series hydraulic servo

valve capable of a response time of 0.017 seconds. The operatino media is the

JP-4 fuel. The servo loop was closed through a Lance Sustainer pintle position

transducer. Pintle position control was achieved, provided by a six-channel

control center servo programmer.

A math model was developed to analyze the openinn and closing response of the

pintle. The objective was to verify that the capacity of the selected servo

valve was adequate to meet the pintle opening time of .050 seconds.

Curves of control system flowrate, differential pressure, and stroke versus

time are shown in Figures 17 through 19. Three curves for each narameter are

shown, representing three different piston areas: 6.64, 6.14, and 7.14 souare

inches. The curves in Figure 17 indicate that a decrease in piston area

slightly increases the pintle velocity, thus reducing the onenina and closing

times. This, however, is accompanied by an increase in required AP across the

actuator piston, as shown in Fioure 18. The design was finalized using a

6.640 square inch piston area, and it is concluded that this is satisfactory

from the standpoint of opening and closing force margins and will open within

.050 seconds (openina travel time = .030 seconds). The closina response will

be less than .065 seconds (travel time = .044 seconds).

24
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FIGURE 17. CONTROL SYSTEM FLOWRATE vs. TIME
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F IGURE 18. CONT7r'L SYSTEM 6~P vs. TIME
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FIGURE 19. PINTLE STROKE vs. TIME
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During all hot fire tests, the performance of the servo system was well within

the target design limits. Problems were encountered during the initial

throttling tests; however, these problems were associated with leakage of

the core LOX dynamic seal, which produced a pressure imbalance in the pintle.

This is discussed in the hot fire section of this report.

COOLANT AND PROPELLANT THERMAL MANAGEMENT

Injector operation with a cryogenic oxidizer and relatively low freezing point

JP-4 fuel was of concern for long duration operation. To minimize cooling of

the fuel, the injector was equipped with thermal isolation.

As shown in Figure 20, the section of the pintle separating the fuel from the

LOX was fabricated with a hollow center section. The thermal analysis

performed in this configuration indicated excellent thermal isolation at both

the maximum and minimum power levels.

Thermal isolation was also provided to minimize chilldown of the injector

from the axial LOX inlet passage.

The injector LOX inlet was equipped with a thermal liner. Two confiaurations

were tested: a teflon tube and a 347 Cres liner, providing a dead area space

between the LOX flow and the injector housinq. The teflon tube failed during

hot fire Test No. 3 (see test section), and was replaced with the Cres liner

as shown in Figure 21.

The Cres liner provided an air gap of 0.1 inches between the liner flowing

liquid oxygen and the interfacing injector housing. During operation, the

gap was filled with static LOX or GOX (no flow velocity).

Figure 22 shows a comoarison of injector temperature with respect to time

within the injector.

29
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FIGURE21. CRESS THERM4AL LINER
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The results of this analysis indicate that the 347 Cres liner is superior to

the teflon liner from a heat transfer standpoint. The thermal conductivity

of the LOX or GOX entrapped in the gap between the liner and the injector is

1.85 X 1O-6 BTU/sec-in°F, as compared to 3.24 X 10-6 BTU/sec-in°F for the

teflon.

IGNITION

The fast start and restart capability necessitated the use of a direct spark

ignition system. The initial concern was to determine the optimum location

for the spark plug and optimum oxidizer lead to assure ignition of the initial

injected propellant to preclude the possibility of accumulation of a quantity

of unburned propellant which could result in a detonation.

An internal research and development program was performed to optimize these

parameters. Optimum placement of the snark plug was determined to be through

the injector face as shown in Figure 23. In this location, the LOX lead was

directed toward the spark plug tip by the injector splash plate. These tests

also indicated that approximately 230 milliseconds LOX lead was adeouate to

assure repeatable reliable ignition. Figure 24 shows schematically the test

configuration, using an external LOX shutoff valve, and the final test start

sequence.

The start sequence consists of the following:

1. With the pintle closed and fuel system pressurized, chill the LOX

system to achieve quality LOX at the main LOX valve in the closed

position by using the LOX bleed.

2. Sequence the LOX bleed closed and the LOX main valve open. The

injector manifold is pressurized with oxygen and a small LOX flow

into the chamber initiated due to the LOX metering ring leakage.
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RESULTANT
PROPELLANT INJECTION FROM SPLASH PLATE

DUAL SPARK INJECTOR SPLASH PLATE
PLU S

COMBUST\ON CHAMBER

FIGURE 23 SPARK PLUG LOCATION
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3. The pintle is commanded open 230 milliseconds after the main LOX vdlve

is opened and the main fuel flow starts.

Approximately ten milliseconds after the initiation of the pintle movement,

ignition occurs. This start sequence was used for all tests, with no anomalies

noted with respect to ignition or start transient.

To increase ignition reliability, two spark plugs and two spark exciters were

used. The spark exciter was a prototype unit which has been used in numerous

programs. The unit is capable of delivering .1 Joules of energy at the spark

plug tip at a spark rate of 200 sparks per second.

The spark plugs used were single electrode axial gap units which had been

previously used in the J-2 engine spark ignition system.

HOT GAS TEMPERATURE DISTRIBUTION

Tmax I<0.6
The specified pattern factor was expressed as: T < 0.065

avg

At a nominal hot gas temperature of 1600'F, the maximum temperature allowable

was 1704'F. Due to the highly localized propellant injection provided by the

throttling injector, it was realized that secondary hot gas mixing would be

required. The initial design consisted of a nickel 200 cone with 260 1/4 inch

diameter holes directing the hot gas into the center of the cone. The nose of

the cone was fitted with a vane plate designed to produce a vortex within the

cone to mix with the hot gas injected through the 1/4 inch diameter holes.

The turbulator is shown in Figure 25. Hot fire tests indicated that the

turbulator was not effective in mixing the hot gas at the maximum power level.
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Also, the vane plate was eroded as a result of the initial full power level

test. Replacement of the vane plate with a solid nickel nose section, Figure

26, did not improve the hot gas temperature distribution (Reference Test 9).

Due to the hot gas temperature distribution problem, injector cold flow tests

and combustion modeling effort was accomplished. The results of this effort

are discussed in Appendix A.

To improve combustion chamber head end mixing, a turbulence ring was installed,

as shown in Figure 26. Operation at maximum power level with the turbulence

ring and the cone turbulator equipped with the nickel 200 nose resulted in

excessive nose erosion of the turbulator and no improvement in hot gas

temperature distribution (Reference Test 10).

Review of other gas generators exhibiting a hot gas temperature distribution

problem indicated that a right angle mitered bend combustion chamber produced

a marked improvement. Figures 27 and 28 indicate a cross section view of a

high pressure gas generator equipped with smooth well rounded 90 degree bend

and the same gas generator with a 90 degree miter bend. The hot gas tempera-

ture data produced by both configurations is presented in Figure 29. The well

rounded bend produced a 500 degree temperature differential from the chamber

wall to the centerline whereas the miter bend produced a 100 degree temperature

differential. Based on this data, a miter bend turbulator was designed and

fabricated. The final configuration is shown in Figure 30. The significant

operating parameters of the LOX/H 2 gas generator configuration and the

Restartable Gas Generator are presented in Figure 31a. The key design

parameter was the turbulator Mach number. A Mach number of 0.2 is considered

near the upper limit for turbine inlet considerations. It is recognized that

turbulator gas velocity is a key parameter in mixing; however, matching the

turbulator velocity of the LOX/H 2 gas generator would have resulted in a Mach

number of 0.31 and considerable increase in differential pressure.
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INJECTOR

Lj 2# INLET

-COM BUS TOR

THERMOCOUPLE RING

Figure 27 .Small, High-Pressure Gas Generator Combustor~
with well-rounded qO* hend
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INJECTOR

ADDITIONAL

TURBINE SIMULATION
ORI FICE

MODIFICATION

THERMOCOUPLE RING

Figure 28.- Small, High-Pressure Gas Generator Combustor
with 90* Miter Combustion Chamber
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LOX/Il 2  RESTARTABLE (I;
TURBULATOR TURBULATOrP

Total Flowrate lbs/sec 6.46 29.9

Chamber Velocity ft/sec 351 128

Chamber Velocity Head osi 8.33 1.38

Turbulator Velocity Head Psi 36.8 11.3

Contraction Area Ratio 6.64 2.7

Hot Gas Density Ibs/ft 3  0.62 0.7

Chamber Pressure psia 3445 700

Hot Gas Acoustic Velocity ft/sec 5700 2312

Turbulator Velocity ft/sec 737.9 386.7

Turbulator Mach Number 0.129 0.167

FIGURE 31a. COMPARISON OF LOX/H 2 GAS GENERATOR RIGHT ANGLE
TURBULATOR AND RESTARTABLE HIGH POWER GAS GENERATOP
TURBULATOR
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COMBUSTOR DESIGN

The combustor design layout provides a 10:1 contraction ratio to maintain

low velocity, 128 ft/sec at the maximum power level. It is considered

advantageous to maintain a low chamber velocity to minimize the possibilit.v

of a flameout during transition from the relatively high mixture ratio

ignition phase to the low mixture ratio mainstage operation. Also, the

relatively high contraction ratio will tend to promote turbulence near

the injector face which may enhance ignition.

The initial chamber consisted of three sections, with the provisions o" a

removeable hot gas turbulator. The turbulator could be installed eiqht inches

from the injector face or at the interface between the mid-section and the

exit section. Mid-section length can be chanqed to modulate overall chamber

length as may be dictated by the test results.

The forward section of the combustion chamber is equipped with a 0.25 inch

thick nickel liner to distribute localized hot streaks.

The aft nozzle section is provided with a frangible ring designed to separate

from the chamber at 1700 psig in the event of a chamber detonation, thus

minimizing potential hardware damaqe.

COMBUSTION STABILITY

A combustion stability analysis was made in support of the design effort. This

analysis consisted of identifying the principal theoretical modes of instability

and making comparisons with other gas generators of similar power levels. The

principal modes of instability which may be of concern are the first and

second tangential ard first longitudinal modes. Analytically these modes

were found to be:
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First tangential - 2446 Hz

Second tangential - 4057 Hz

First longitudinal - 696 Hz

These frequencies are based on the 7.4 inch diameter and the 22 inch length

combustion chamber.

A comparison of these frequencies with other gas qenerators indicated that

the theoretical frenuencies were lower. It was realized that lower freouencies

tend to couple with the combustion process; however, the low mixture ratio

combustion devices tend to be acoustically stable.

During the performance of the hot fire tests, the first tangential frenuencv

was noted; however, the amplitude as measured with hiqh frequency combustion

chamber pressure transducers was found to be approximately 20 psi peak-to-peak.

During several tests, self-damping 10 milliseconds, 100-150 psi, 2400 Hz

disturbances were noted at the maximum power level. These tests were performed

with a 250 psid injector differential pressure at the maximum power level. At

lower power levels with higher injector differential pressures, no evidence

of instability was noted (see test section, Test No. 9 ).

The final tests were performed with the injector differential pressure

increased to 350 psig at the maximum power level. The hiqher differential

pressure was obtained by reducing the maximum nower level pintle stroke from

.360 inches to 0.325 inches, and increasing the nropellant inlet oressur s.

Data analysis indicated the low level 3600 Hz second tangential frequency,

but no indications of self-damping disturbances. Increasing the differential

pressure apparently decoupled a tendency for the propellant feed system to

couple with the combustion process.
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Throughout the hot fire test program, no evidence of combustion instability

was noted except during the last two tests, 13 and 14. The instability noted

is not characteristic of this design in that it was triggered by another

unrelated anomaly. This is discussed fully in the test section.

STRUCTURAL ANLAYSIS

The injector and combustion chamber structural analysis supported the detail

design. The stress levels are based on limit loads and include dynamic and

thermal effects. The minimum required safety factors are two based on

ultimate or yield material proDerties, whichever is lower.

The injector components are similar to the Lance Sustainer injector. The lance

operating pressures and loads, consequently, are in excess of those for the

Restartable High Power Gas Generator. The Lance operating loads were ernloyed

for the structural analysis.

The structural loads are as follows:

1. Load occurring at approximately two seconds after engine ignition

Chamber pressure Pc = 1000 psi

Oxidizer cavity nressure Po = 1300 psi

Fuel cavity pressure Pf = 1300 psi

2. Ignition start pressure surge

Chamber pressure Pc = 1700 psi

Oxidizer cavity pressure Po = 2600 psi

Fuel cavity pressure Pf = 4400 psi

3. Dynamic loading at the two joint interface (injector to chamber)

Moment = 395,400 in-ib (limit)

Shear = 69,200 lb (limit)
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4. The steady-state random vibration environment of .3g2/Hz from

50-1000 Hz and l.Og"/Hz from 1000-2000 Hz and handling loads

results in the following injector to thrust chamber loads:

Moment = 45,000 in-lb (limit)

Shear = 8,500 lb (limit)

Axial - 17,400 lb (limit)

5. Static loads
Steady

Start Transient State Pressure
Parameter Pressure (psig) (psig)

Fuel manifold 4250 1000

Pintle open 1560 1000

Pintle close Vented 1000

Fuel inlet 4400 1300

Oxidizer inlet 2600 1300
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GAS GENERATOR TEST

This section includes gas generator checkout and leakage test procedure,

injector water flow calibration, hot fire test facility, hot fire test

procedure, and a detailed description of the hot fire tests performed.

Included within the hot fire test discussion is the detail discussion of

design changes incorporated as the test program progresses.

INJECTOR CHECKOUT AND LEAKAGE TESTS

Following assembly of the injector, the unit was subjected to a rigorous leak

and proof pressure test to assure the integrity of the unit prior to hot fire.

All tests were accomplished with clean dry Mil spec gaseous nitrogen to assure

maintenance of LOX clean conditions. A section view of the injector showing

the internal seal leak check ports and the general test setup are shown in

Figure 31 b.

Internal O-Ring Leak Check

Pintle Open System. The pintle open cavity was pressurized to 1100 nsiq and

isolated from the pressurization source for a period of five minutes. No loss

in pressure was allowed.

Pintle Closed System. The same procedure was used for the pintle closed system.

Positive Face Shutoff Seal

The pintle was pressurized at 1100 psig. The fuel inlet was pressurized to

1100 psig and isolated from the pressurization for a period of five minutes.

A maximum of five psig pressure decrease in five minutes was allowed.
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Dynamic Delta Seal Leak Test

The combustion chamber was pressurized to 700 psic with the pintle in the open

position. A gaseous nitrogen flowmeter was used to measure the leakaqe from

the Delta seal port. Maximum allowable leakage was 50 standard in 3/min.

The pintle O-ring vent ports were leak-checked at the same time. No leakage

was allowed.

Structural Proof Pressure

Prior to the initial hot fire test, the injector and combustion chamber was

subjected to a structural proof pressure test to verify the inteqrity of all

welds in the injector and combustion chamber.

With the combustion chamber installed, the entire unit was subjected to a five

cycle proof pressure at 1200 psig (1.7 x nominal chamber pressure of 700 psi).

Following completion of the proof pressure test, the complete injector leak

test was repeated.

WATER FLOW CALIBRATION

Following each injector buildup, the unit was water flow calibrated to

determine the LOX and fuel resistance over the complete 5 to 1 throttlinq

range. Based on the resistance data, the axial nosition of the fuel

injection ring was adjusted to yield a constant mixture ratio over the

throttling range.

The injector was installed in the water flow calibration facility as shown

in Figure 32.
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FUEL SYSTEM
INLET 'RESSURE TURBINE FLOWMETER

TURBINE 00LOX SYSTEll INLET
FLOWMsETER PRESSURE

/ LOX INLET

INJECTOR

FUEL
INLET

_BACK PRESSURE

BACK PRESSURE-
FIXTURE

VIA T ~UhATE

FIGURE 32 WATER FLOW CALIBRATION TEST SETUP
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The injector was equipped with a back pressure fixture to provide sufficient

chamber pressure to prevent cavitation and thus preclude erroneous results.

Fiqure 32 also indicates the location of the instrumentation for water flow

calibration.

Finure 33 presents a sample of the injector water flow resistance data as a

function of pintle position. The injector resistance data and the test

facility propellant system data were used to determine the required hot fire

test facility tank pressures.

A computer orogram based on the injector and facility resistance data and

theoretical c* was used to determine gas generator operation over the

throttling range. A sample computer orintout is shown in Table III.

TEST FACILITY

The hot fire test program was conducted on the Bravo-2B Test Stand at the

Santa Susana Field Labmatory. The propellant tanks are existing installatinns.

The portions of the systems downstream of the tank shutoff valves were

fabricated and installed. The existing thrust mount was used as an

attachment point for the gas generator.

Installation of the original gas generator design in the test facility is

shown in Figure 34.

The oxidizer system used a 1200-gallon, 2000 psig rated supply tank. A

stainless steel tubing system was used between the tank and the main

oxidizer valve. The main oxidizer valve body was chilled with an

orificed bleed system which permits LOX flow throuqh the main valve

.upstream of the valve seal to complete temperature stabilization. The

valve was located as close to the gas qenerator as possible to minimize

downstream fill volumes.
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INPUT OXID AND FUEL TANK PRESS (PSIA)...

>1046.,1005.

OXID TANK PRESS (PSIA)
=  1046.00

FUEL TANK PkESS (PSIA)z 1009.00

STROKE MR OX UDOT FU VDOT UJOT TOT PC

.3600 .4601 9.4482 20.5334 29.9816 742.1

.3400 .4612 9.1831 19.9130 29.0961 721.5

.3200 .4622 8.6831 19.2192 28.1023 698.3

.3000 .4632 8.5454 18.4471 26.9926 672.0

.2800 .4643 8.1663 17.5890 25,7553 642.5

.2600 .4653 7.7427 16.6390 24.3816 609.4

.2400 .4664 7.2721 15.5924 22.8646 572.6

.2200 .4675 6.7534 14.4472 21.2006 532.0

.2000 .4685 6.1867 13.2041 19.3909 487.6

.1800 .4697 5.5743 11.8683 17.4426 439.5

.1600 .4709 4.9206 10.4498 15.3704 388.1

.1400 .4722 4.2331 8.9648 13.1980 334.1

.1200 .4737 3.5225 7.4363 10.9589 278.2

.1000 .4755 2.8030 5.8951 8.6981 221.5

.0800 .4777 2.0928 4.3808 6.4735 165.6

TMALE Ill HOT FIRE RUN CONDITIONS AS 
A FUNCTION

OF PINTLE POSITION
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The main oxidizer valve was an Annin valve equipped with a hiqh-pressure

pneumatic operating cylinder. A 3000-psig actuation pressure was used, and

valve actuation times on the order of 20 milliseconds.

A purge system was provided to secure the test stand at the completion

of firing activities. The propellant system purges were not used during

hot fire testing.

The fuel supply system used a 2500-gallon, 3000-psig rated supply tank for

the JP-4. A stainless-steel tubing system was installed, with an Annin

valve to serve as the test stand main valve. This valve was not required

to actuate rapidly, since the fuel valve was opened well before the firinq

sequence was initiated. The gas generator pintle valve employed a tight

shutuff feature, and since fuel was used as the pintle actuating fluid, it

was necessary to supply fuel pressure to the pintle prior to initiation of

hot firing.

A fuel purge system was provided to accommodate normal test stand practices.

However, as previously cited for the oxidizer purge system, this purqe was

not used during hot firing.

The gas generator instrumentation is listed in Table IV . Tabor, strainqaqe

type pressure transducers were used for all low-response (steady-state)

pressure measurements. Two photocon pressure transducers were used to

provide high-response chamber pressure data. These transducers allo-,c:

accurate characterization of the chamber pressure buildup time, and p... cted

display of any chamber pressure oscillations. The propellant flowrates

were measured with turbine-type flowmeters.

The gas generator body wall temperatures were monitored at various selected

locations by means of chromel/alumel thermocouples snot-welded to the wall.

Propellant temperatures were measured with immersed iron/constantan thermo-

couples installed immediately downstream of the propellant flowmeters.
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The combustor gas flowfield temperature was characterized by means of a grid

of eiqht thermocouples. These thermocouples were total temperature probes

employing exposed junction chromel/alumel wire.

The pintle position was monitored by means of a linear travel transducer. This

monitored transducer also was used as one of the elements of the pintle

position control system.

All hot firings were controlled by means of a programmer. The run sequence was

present and was automatic.

The automatic timer was overridden by cut signals, either instituted by

observers or by comparator circuits. The comparator checks of system opera-

tions and other safety monitors included:

1. LOX main valve interlock - the LOX valve reached its full-onen

position before the pintle valve movement was initiated.

2. Chamber pressure level - a comparator circuit was used to ascertain

that a minimum acceptable chamber pressure level was reached by a

pre-determined time after initiation of the firing signal. Failure

to reach or exceed this value, then, or subsequently during the run,

would have caused an automatic cut to be instituted.

3. Selected combustor hot gas rake temperatures were monitored with

provision for automatic test cut in the event of an over temnerature

condition.

4. A vibration safety cut-off system was provided to protect the hard-

ware.
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LOX SUPPLY FUEFL SUPPLY

LOX FLOWMETER

LOX BLEEDT

FUIEL BLEED F~lEt- FLOWITIP

MAINI LOX VALVE

P ItTLE
POSITI!ON
TRANSDUCERSEV 

(FSllY

FU[E- VAIVE

SERVO
PROGRA114ER

VALVE

FUEL PURGE Gt42

SERVO FUFl. SUPPLY riEj I NIrOin iii-FEnf

Figure 35. Restartable High Power Gas Generator
Test Setup
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Gas Generator To Test Facility Installation

The gas generator was mounted in the facility in the vertical position.

Propellant and electrical systems were installed as shown in Figure 35

The main LOX and main fuel valves were close-coupled to the hardware. The

LOX system included a bleed valve upstream of the main oxidizer valve to be

used to obtain LOX quality pretest.

The servo valve fuel supply was obtained upstream of the main fuel valve. This

line was fitted with a 10 micron hydraulic filter located within one foot of

the servo valve inlet to protect the servo valve from contamination.

To achieve relatively constant fuel and oxidizer inlet pressure over the

entire throttling range, the propellant line and valve hydraulic resistances

were held to a minimum and were balanced to operate with near tank pressures.

Test Sequences

Test start and cutoff sequence consisted of the followinq:

Prior to test start, the following test stand conditions were established:

1. Pressurize oxidizer and fuel tanks to specified levels.

2. Open main fuel valve and bleed air from fuel manifold.

3. Open LOX bleed valve and establish LOX temperature at the main

LOX valve of -280°F or less.
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Start Sequence (Reference Figure 3)

1. Start signal starts the main staqe timer and signals the LOX bleed

valve closed.

2. The bleed valve closed signal initiates openinn of the main LOX

valve.

3. Full open position of the main LOX valve arms the LOX lead tinier.

4. At the expiration of the LOX lead timer, the pintle is commanded to

the initial position and the ignition detect timer is armed.

5. Obtaining ignition detection prior to expiration of the ignition

delay timer allows the test to continue.

6. Failure to achieve the ignition detection signal prior to expiration

of the delay timer will initiate test cutoff.

7. Achieving ignition detection terminates operation of the spark

igniters.

8. For those tests requirinq a single power level, the initial power

level timer shall be set for the total main stage duration.

9. Those tests requiring more than one power level will be sequenced

by the subsequent timers up to a maximum of 5 pbwer levels.

10. Test termination will be initiated by the expiration of the main-

stage timer.
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Test Termination

1. Test cutoff initiated by the mainstage timer or failure to detect

iqnition shall close the main oxidizer valve, open the LOX bleed

valve and start the pintle open override timer.

2. At the expiration of the pintle override timer, the pintle is

conmmanded closed and starts the timer delay prior to the stare

of the next mainstage test.

As a result of test termination and hot gas temperature spikes noted during

the early hot fire tests, the test termination phase was modified. The

sequence was modified to include a low flow fuel bypass and opening the

pintle to the 100% position immediately after closing the LOX shutoff

valve. This allowed expulsion of the residual oxidizer in the injector

concurrent with a low fuel flowrate to react with the residual at a

relatively low mixture ratio. The revised sequence is shown in Figure 37.

HOT FIRE TEST RESULTS

A total of fourteen (14) hot fire tests were performed. The followinq

section discusses the test objectives, hardware confinuration and results

for each test.

Test No. 001

Facility Test No. 634-001 14 April, 1980

Hardware Configuration. Baseline design with turbulator (vortex).

Test Objectives. Initial one second ignition test with pintle onen to 55%

position.
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Test Results. Test prematurely terminated due to failure to detect iqnition.

Ignition occurred 20 milliseconds after ignition detection timer expired.

Hardware Condition. No hardware anomalies.

Test No. 002 16 April 1980

Hardware Configuration. Same as Test 001.

Test Objectives. Evaluate ignition and operation at 77% pintle position.

Test Results. Test performed the programmed one second duration. Mixture

ratio was 0.33 (target 0.466). Hot gas temperature pattern factor was

excellent: 0.0588 target, and 0.065 maximum.

Hardware Condition. All hardware in excellent condition.

Test No. 003

Facility Test No. 634-003 18 April 1980

Hardware Configuration. Same as test 001 and 002.

Test Objectives. Initial five second test at maximum power level.

Test Results. The liquid oxygen thermal liner retainer sheared off at test

start, resulting in the liner being driven aft into the core, producing a

restriction in LOX flow, as shown in Figure 38 . The resulting increased

LOX injector differential pressure decreased tie LOX flow, resulting in a

mixture ratio of 0.326; target was 0.466. The measured hot gas temperature

pattern was excellent, even though the LOX manifold was partially restricted

by the failed thermal liner.
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Liner Retention Collar

- Teflon Thermal Liner

LOX Inlet

TEFLON THERMAL LINER INSTALLATION

Liner Retention Collar

Sheared Off

A _--LOX FLOWPARTIALLYRESTRICTED

FIGURE 38. TEFLON THERMAL LINER FOLLOWING TEST 003
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Hardware Condition. The injector face and fuel injection ring were severely

eroded as a result of the restricted injector LOX flow. A photograph of the

injector damage is shown in Figure 39

Test No. 004

Facility Test No. 634-004 14 July 1980

Hardware Configuration. The injector was rebuilt, incornoratinq a new fuel

injector ring and forward section of the injector housing. Both were severely

eroded as a result of Test 003. The injector teflon LOX thermal liner was

replaced with a Cres tube (Figure 40 ), concentric with the LOX inlet passaqe.

The design provided a gap between t',e liner flowing LOX and the injector

housing. During operation the gap was filled with static LOX or GOX (no

flow velocity).

The thermal conductivity of the GOX is 1.85 x 10-6 BTU/sec-in°F as comnared

to 3.24 x 10-6 BTU/sec-in°F for the teflon. The new liner, therefore, provided

an improvement in thermal isolation in addition to eliminating the teflon

liner failure mode.

Test Objectives. Operation at maximum power level for five seconds.

Test Results. Prcn .ture test termination due to an error in setting ignition

detect chamber pressure level. The ignition detect was erroneously set at 800

psig rather than the specified 100 psig.

Hardware Condition. No hardware anomalies.

Test No. 005

Facility Test No. 634-005 14 July 1980
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Hardware Configuration. Same as Test 004.

Test Objectives. Same as Test 004.

Test Results. Programmed duration five second test. Mixture ratio wVd J.-,

hot gas temperature 1454 0 F, (target was 0.463, hot gas temperature 160", F, ond

hot gas temperature pattern factor 0.068).

Hardware Condition. No hardware anomalies

Test No. 006

Facility Test No. 634-006 16 July 1980

Haidware Configuration. Same as Test 004 and 005

Test Objectives. Initial ten second throttling test of two seconds duration

at 100, 83, 61, 44, and 33.3 Percent power levels.

Test Results. Proqrammed duration at 100 percent power level, the pintle

failed to respond to commands to lower power levels. There was hot qas

temperature variation, 300'F, and temoerature spike during cutoff in excess

of 2000'F.

Hardware Condition. The center section of the hot gas turbulator eroded

through the vortex generation Portion, as shown in Figure "1

The nose of the pintle was slightly eroded, and the surface of the fuel rinn

was eroded (Reference Figure 42 ). The fuel ring erosion may have been caused

by hot gas recirculation in the gap between the injector face and the head

end of the combustion chamber, Reference Figure 43 . The blisters in the

ablative core shield were caused by minor outgassing of the ablative and do

not represent a problem.
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Test No. 007

Facility Test No. 734-007 24 July 1980

Hardware Configuration. The qap between the fuel rinq and the head end of

the thrust chamber was sealed with silicone graphite high temperature sealant.

Test Objectives. Ten second throttling test. The initial pintle position was

programmed for 55% follnwed by two seconds each at 82.5, 100, 55, and 27.5

percent. The previous attempt to throttle (Test 006) was programmed for

the initial pintle position at 100 percent followed by successive steps

down to 33.3 percent. The servo system failed to control to the lower

throttle position. The complete test was run at 100 percent power level.

Programming this test to start at 55 percent and moye up in power level was

an attempt to duplicate Tests 002 and 003 which successfully controlled the

pintle at 55 and 77 percent. The test was also programmed for three 10

second throttling tests performed back-to-back with three seconds off

between tests.

Test Results. The test was terminated at 0.9 seconds by the hot qas temner-

ature redline set at 1800°F. Mixture ratio was 0.49, targeted 0.466. The

servo system did not control to the initial set point of 55 percent.

The hot gas temperature ranged from 1828°F to 2117'F during the test termin-

ation phase.

Performing servo system checkouts with ambient chamber pressure and ambient

LOX manifold pressure indicated that the servo valve and programmer were

operating properly.

Servo system tests were performed simulating chamber pressure with gaseous

nitrogen. These tests indicated that the servo system was capable of

throttling at chamber pressures up to 560 psig. Above this pressure, the
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system would not operate. The qaseous nitrogen tests also indicated consider-

able leakage from the pintle LOX dynamic delta seal.

The hardware was disassembled and the delta seal was found to be damaqed,

resulting in massive leakage. The overboard seal drain, Figure 44 , was

sized to 0.060 inch diameter to vent minor leakage, which may occur during

operation of the delta seal. Gross leakage past the seal resulted in a

pressure increase in the cavity downstream of the seal producing a lead

imbalance on the pintle.

The pressure increase was caused by the inability of the 0.060 inch diameter

seal drain to vent copious leakage. Figure 45 indicates the pintle areas

exposed to control pressure, LOX manifold pressure, and chamber pressure.

From this Figure, it can be seen that if the Delta seal leaks, the area

exposed to LOX manifold pressure increases from 1.21 in2 to 5.11 in2 . This

dramatic increase in area results in a force imbalance in the pintle of

sufficient magnitude that the pintle will not move closed during hot fire.

The delta seal was replaced with a dynamic O-ring to verify this hypothesis.

Copious leakage was again observed from the seal. Critical dimensional

inspection of the interfacing core and pintle indicated that the clearance

between the mating parts was 0.007 in. as compared to the drawing renuire-

ments of 0.003 in.

The excessive clearance caused the damage to the delta seal and prevented

sealing of a dynamic O-ring. The out of snecification dimensions were

associated with the core assembly. This area of the core was nickel-

plated and re-machined to the specified dimensions.

Hardware Condition. All hardware was found to be in good condition except

a slight increase in the minor pintle tip erosion noted as a result of Test

006.
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6.571 n .- A Seal Operating 1.21 in

Pintleupen

Control Pressure
6.571 In2  Area Exposed to LOX

Manifold Pressure with
& Seal Inoperable 5.113 in

2

Figure45 Pintle Area Balance
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Test No. 008

Facility Test No. 634-008 20 November 1980

Hardware Configuration. The LOX system dynamic delta seal was replaced.

The seal groove on the core was nickel-plated and re-machined to correct a

discrepant dimension, resulting in an excessive gap between the core and

the interfacing pintle. This excessive gap allowed the teflon delta seal

to extrude into the gap and thus be vulnerable to excessive wear and

ultimate leakage.

The nose of the fuel ring was nickel-plated to increase the erosion resistance.

Test Objectives. Ten second throttling test from 100 percent power level to

35 percent Power level. With the hot gas turbulator removed to determine

the hot gas temperature distribution without the secondary hot qas mixing

device, the fuel override was extended from 150 milliseconds to 300 milli-

seconds in an effort to minimize the hot gas temperature spike during

test termination.

Test Results. The test was terminated at 1.315 seconds by the hot gas temper-

ature redline cutoff device, with hot gas temperature in excess of 2000'F.

The high hot gas temperature was caused by 0.546 mixture ratio, resulting

from pieces of the positive face shutoff seal restricting the fuel injection

slots.

Post-Test Hardware Condition. All hardware except the positive face shut-

off seal were in excellent condition.

Test No. 009

Facility Test No. 634-002 6 March 1981
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Hardware Configuration. Design changes were incorporated to compensate for

the deficiencies noted in testinq to date: positive face seal O-rinq crackinq,

turbulator erosion, pintle tip erosion, and fuel injection ring erosion.

Laboratory tests were performed on several positive face shutoff configurations

in an effort to optimize the seal. The final configuration consisted of usinq

a Viton O-ring in place of the nitride O-ring used for the Previous tests.

The amount of compression of the seal ring edges into the rubber was ontimized

to preclude cutting of the O-ring.

The flow swirl inducer section of the hot Qas turbulator eroded throuqh due

to lack of heat transfer from the thin swirler vains to the main body of the

turbulator (Reference Figure 41 ). The swirler was replaced with a

heavy nickle cap equipped with flow passages directing hot gases such that

they impinge with the gas directed through the side of the turbulator. Between

the third and fourth row of holes, a plate was installed, equipped with

holes which are misaligned with the holes in the cap. Gases flowing thrnuuh

the cap are forced to turn prior to exiting through the holes in the plate,

thus promoting hot gas mixing.

Heat transfer analysis and gas flow oath analysis indicates that this confiqur-

ation should provide excellept hot gas mixing and durability. The confiqur

ation is shown in Figure 46

The pintle tip was copper-olated to distribute the heat load. Previous tests

had indicated minor surface erosion adjacent to the LOX meterinq rinos. Io

evidence of overheating had been noted on the fuel side of the pintle tip.

Copper plating has been found to be effective in eliminating localized

erosion b' distribution of the heat load on similar combustion devices.

Figure 47 *ndicates the copper-plated pintle tip configuration.

Minor erosion on the fuel ring was noted. The fuel rina had been nickel-

plated in an effort to provide increased heat transfer. The nickel-plated
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fuel ring is shown in Figure 48

Test objectives. Ten second throttling test from 100 percent to 27.7 percent

power level. The test termination ohase was modified in an effort to rr<,ce

the test termination temperature spikes. The revised sequence consisted of

ramping the pintle to the 100 percent position coincident with closinq t v,

oxidizer shutoff valve. The Pintle was programmed to remain o,)en for 1).-'

seconds with a small 3.5 lb/sec fuel bypass flow to burn the remaininq LnX

exnelled from the injector at a low mixture ratio and, consequently, lower

the hot gas temperature during test termination. The fuel bynass systei- is

shown in Figure 49.

Test Results. The test was performed as programmed except due to a test

console o,-rator error, restart occurred two seconds following test termina-

tion, and a second 10 second test was performed. The data from the two

were very repeatahle. The chamber pressure traces from both tests are shomn

in Figure 50, The propellant flowrate data for the second

cycle of the two cycle test is gresented in Table V

Table V indicates a reasonable agreement in measured LOX flow as compared to

taroeted flow based on water flow calibration. The fuel flowrate falls helo,

the targeted values as the power level is decreased. Figure 51 shows the

injector resistance as a function of nintle position for the hot fire test as

compared to the water flow calibration data. The decrease in resistance on
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TABLE V TEST 009 - SECOND CYCLE

PROPELLANT FLOWRATE

PINTLE TARGET TAFGET M.R.
POSITION4 Woa0ff TARGET ACTUAL

0/0 IN LBS/SEC LBS/SEC LBS/SEC LBS/SEC

100.6 0.360 9.2469 9.394 19.099 20.319 .462 0.484

80.28 0.288 8.393 8.350 17.897 17.95 .460 0.468

59.359 0.214 6.992 7.08 16.147 15.134 .468 0.433

49.89 0.1796 5.938 5.55 14.799 11.79 0.47 0.401

30.098 0.108 3.160 2.79 9.355 5.86 0.476 0.337*

*HP LEVEL 2.7K HP
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fuel side of the injector may have been related to the thermal distortion of

the fuel injection ring. Figure 52 presents the fuel ring dimensions pre-

test. The slot land where the metering ring rides was of a uniform diameter.

Following the test, the tip of the fuel rinq diameter was 0.010 less than

pre-test. In addition to the noted physical distortion, evidence of hot cas

flow into the gap between the fuel ring and the thrust chamber was noted b,

evidence of the discoloration of the ring. It is hypcthesized that heat input

to the tip of the fuel ring caused the ring diameter to increase as shown in

Figure 52 during the run, causing an increased fuel flow area and, therefore,

giving the lower than targeted resistance. Following the test, the rinn

cooled and local yielding or thermal ratcheting occurred, resulting in the

final measured smaller diameter.

The hot gas temperature data at each power level for both cycles of the test

is presented in Table VI , and Table VII , and Figures 53 and 54 . These data

indicate that at the maximum power level, the temperature profile is outside of

specified limits at power levels less. than 80 percent. The temperature profile

is within specified limits with the exception of the 30 percent power level.

The thermal distortion of the fuel ring may have had an impact in the

temperature profile at this power level. The hot gas turbulator is clearly

ineffective at the higher power levels.

Review of the high frequency chamber pressure (photocon) and accelerometer data

indicates one self-damping combustion disturbance during the first cycle at

100 percent power level and thirteen 5 to 10 millisecond combustion dis-

turbances during operation at 100 percent power level during the second

cycle. No combustion disturbances were noted during operation at lower

power levels (Figure 55). Figure 56 presents an expanded trace of a typical

combustion disturbance.

Review of the post-test hot gas temperature spikes, Figure 57, indicates a

substantial improvement as a result of the revised test termination

procedure.

88

" . .. . . . .. . . . ... . .- . .. . . . . . . - - ,



FIGURE 52

FUEL INJECTION RING DEFOR?'ATION

TEST 009 396I

3.997 IN 3.997 IN 3.997 IN 3.985 IN

BEFORE HOT FIRE DURING HOT FIRE AFTER HOT FIRE
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TABLE VI

TEST 009

HNOT GAS TEMPERATURE SUMMPRY

PINTLE THEORETICAL AVERAGE MAX, PATTERN
POSITION HOT GAS TEMP TEMP TEMP FACTOR

OF OF OF
RUN 1 100 1750 1648 2101 (73 0,2748

80.74 1625 1646 1846 04 0.1215
59.53 1440 1466 1521 C 0.0375
50.07 1370 1363 1416 4 0.0388
30.3 1000 1163 1407 (3) 0.209

RUN 2 100.6 1725 1612 2047 (2) 0.269
80.28 1600 1579 1761 (Y) 0.115

59.35 1400 1451 1478 0) 0.0186
49.89 1300 1355 1413 (D 0,042
30.09 1050 1,151 1285 (2) 0,116

0 THERMOCOUPLE NO, 2.5 I O. N 1.5 IN

PATTERN FACTOR = TMAX -1 MAX. GOAL 0,065. 3-5TAVE 3.25 IN

2
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TABLE VII

TEST 009

HOT GAS TEMPERATURE

ThEO. RAKE TEMPERATURE NO.PINTLE Pc3 M.. HOT

POSITION .R. GAS 1 2 3 4 5 6 7 8 AVERAGE
PERCENT PSIG TEMP.

100 670 0.49 1750 1401 1373 2016 1769 1441 1378 2101 1712 1648

80.74 617 0.471 1625 1590 1529 1777 1846 1645 1458 1659 1665 1646

59.53 499 0.436 1440 1434 1467 1482 1521 1427 1443 1468 1487 1466

50.07 418 0.396 1370 1329 1361 1377 1416 1339 1338 1368 1377 1363

30.306 223 0.331 1000 1039 1055 1407 1173 1056 1116 1360 1104 1163

100.6 669 0.484 1725 1399 1329 1944 1596 1383 1343 2047 1862 1612

80.28 607 0.468 1600 1523 1394 1721 1596 1451 1460 1761 1726 1579

59.359 490 0.433 1400 1422 1457 1478 1467 1422 1456 1457 1451 1451

49.89 411 0.401 1300 1326 1349 1364 1413 1340 1351 1355 1348 1355

30.096 216 0.337 1050 1003 999 1318 1227 1137 1107 1285 1139 1151
0.!

2.5 IN 15I

3 3.25 IN

2
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FIGURE 53

TEST 009 RUN 1

COMBUSTION CHAMBER TEMPERATURE MEASURLIIENT
FULL OPEN PINTLE

2020 2100

1370

1400

AVERAGE TEMP =16480F
THEORETICAL TEMP =175nFl~
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FIGURE 54
TEST 009 RUN 2

COMBUSTION CHAMBER TEMPERATURE HLASUREMENT
60% PINTLE POSITION

1520

1480 1470

1470

1430

AVERAGE TEMP = 146i0 F

THEORETICAL TEMP = 1440 0F
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Post-Test Hardware Condition. The copper pintle nose was in excellent

condition, (Fiqure 58). The fuel rinq was found to be distorted with !.liqht

surface erosion of the nickel exposed to the hot gas. The nose of the tur-

bulator was found to be slightly er 1-d, Figure 59 , indicative of a hot core

injector.

Test No. 010

Facility Test No. 634-006 13 November 1981

Hardware Configuration. The head end of the thrust chamber was eQuipped with

a turbulence ring, Figure 60 , in an effort to improve hot qas mixinq. Refer

to the Design and Analysis Section discussion concerning hot gas mixinq.

The fuel injection ring was installed with a nickel insert providing tneniial

protection in an effort to minimize the thermal distortion problem noted

during Test No. 9. Figure 61 indicates the fuel rinq installation.

Test Objectives. Evaluate the effectiveness of the turbulence ring and the

fuel injection ring modifications at the maximum power level.

Test Results. Test No. 010 was a proqrammed ten second full power test. The

turbulence ring was not effective in eliminating the hot core injector effects.

A hole approximately two inches in diameter was eroded through the forward

section of the Nickel 200 hot gas turbulator. Hot gas rake temperature

measurements indicated 1500'F near the chamber wall and 2000'F in the center-

line of the chamber.

Accelerometer and photocon data indicated a total of 24 self-damping chamber

pressure disturbances, ranqing in duration from 10 to 1200 milliseconds. The

magnitude of the disturbances ranged from 100-350 psi peak-to-neak at a

frequency of 3600 Hz. Incorooration of the turbulence ring clearly decreased

the combustion stability characteristics.
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FIGURE 61

FUEL INJECTION RING THERMAL SHIELDING
TEST 011

FUEL INJECTION
SLOTS
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HEAD END

INJECTOR
HOUSING

101



Hardware Condition. No anomalies were noted with respect to the fuel ring.

The thermal shielding was effective in eliminating the problem.

Test No. Oil

Facility Test No. 634-007. 09 December 1981

Hardware Configuration.

As shown in Figure 61 , a nickel insert was installed between the fuel ring

and the thrust chamber head end. The remaining gap between the in.jector

and thrust chamber was sealed with silicone graphite. Both the hot gas

turbulator and turbulence ring were removed.

Test Objectives. Evaluate temperature distribution and stability at increased

injector differential pressure. The data from Test No. 9 indicated that the

hot gas temperature distribution and the combustion stability was substantially

improved at reduced nintle positions, and higher injector differential

pressure, reference TableVIII. The objective of this test was to evaluate

stability and temperature distribution at maximum power level flowrates with

the pintle position at 90 percent.

The reduced pintle position results in an increase of injector differential

pressure from 250 psid to 350 psid.

Test Results. The test was performed for programmed duration. Data analysis

indicated no evidence of combustion chamber pressure disturbances. The hot

gas temperature distribution was substantially improved. Previous test data

indicated a 500°F hot gas temperature difference from the chamber wall to the

centerline. This test indicated a 200°F difference (reference Figure 62 ).

Hardware Condition. The hardware was found to be in excellent condition post-

test. The revised installation of the fuel ring eliminated the erosion and

thermal distortion problem.
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Test No. 012

Test Facility No. 634-008 09 December 1981

Hardware Configuration. Same as Test No. 011.

Test Objectives. Evaluate full Dower level operation at 80 percent pintle

position; injector differential pressure 450 psid.

Test Results. The test was performed for the proqrammed duration of ten

seconds. One second after test start, the pintle suddenly opened from the

programmed 80 percent position to 100 percent.

Figures 63 and 64. indicate the sudden shift in the pintle posi-

tion. The loss of control of the pintle was caused by a pressure imbalance

on the pintle due to excessive Delta dynamic seal leakage. Figure 65

indicates a sudden decrease in temperature of the Delta seal drain line,

indicative of massive seal leakage.

Durin7 operation at the 80 percent pintle position, no evidence of combustion

instability disturbances were noted. Following ramping to the 100 Dercent

pintle position, a total of 13 self-damping disturbances were noted.

Hardware Condition. The fuel injection ring was found to be in excellent

condition; no erosion or thermal distortion.

The dynamic LOX Delta seal was found to be damaged, indicating excessive wear.

Test ro. 013

Test Facility No. 634-001 25 February 1982
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Hardware Configuration. Same as Tests II and 12 except a new solid nickel

fuel injection ring was incorporated for improved thermal conductivity in

an effort to enhance durability. The dynamic LOX Delta seal was replaced.

Test Objectives. Perform three 10 second tests back-to-back at the 90 percent

pintle position.

Test Results and Hardware Condition. The test was terminated at 8.33 seconds

of the first 10 second cycle by the hot gas temperature cutoff device (hot gas

temperature greater than 2000°F Post-test hardware inspection indicated a

hole burned through the side of the core assembly, resulting in a sudden

increase in oxidizer flowrate. Data analysis indicated that the burn through

occ'rred at seven seconds when a rapid increase in chamber pressure (Figurc

66 ) and oxidizer flowrate (Figure 67 ) was noted.

In addition to the core erosion, the fuel ring was eroded approximately 70"

from the core burn through. Figure E8 indicates the location of the erosions.

Figure 69 indicates the orientation of the eroded areas relative to the

combustion chamber hot gas temperatures. A small amount of erosion of the

thrust chamber and one spark plug tip was eroded (Figure 69 ).

Temperature data indicated an abnormally high localized hot gas temperature at

test start on the thermocouple in alignment with the burn throuqh. This

abnormally high temperature was indicative of a localized high mixture ratio

condition existing at test start.

A small combustion chamber "pop" was noted during the 230 millisecond LOX lead

as shown in Figure 70 . At the same time the chamber pressure disturbance was

noted, a rise in combustion temperature occurred. This condition was noted

during all tests which have incorporated the fuel ring to thrust interfacing

nickel ring (reference Figure 61 ). This ring was designed to provide

additional thermal shielding to iinimize thermal distortion of the fuel

injection ring. Review of all test data indicated that prior to incorporation
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of this change. no combustion "hops" or indication of combustion prior to

openinn the nintle during LOX lead occurred.

The injector to thrust chamber interface is shown in Figure 71. The nickel

thrust chamber insert is machined to close tolerances such t.Uat a tight line-

to-line fit exists between the insert and the tin of the fuel ring (Surface

"A', Figure 71 ). The resulting qap "B" is sealed ith Dow Corn-inq silicon

graphite sealant to prevent hot gas recirculation into the oap. The sealant

is applied in this area before the injector is mated to the thrust chamber.

Post-test hardware disassembly indicated two anomalies: (1) the fuel ring

O-ring seal was cut and voids were found in the silicone graphite sealant; (2)

a minor amount of the sealing compound was found on surface A. A small amount

of the non-LOX compatible sealant may have been extruded into the combustion

area during assembly. It is highly unlikely that a sufficient quantity was

present to produce the temperature increase noted during the LOX lead. The

most probable cause was a minor fuel leak past the O-rinq seal into the

combustion area. As shown in Figure 71 , the leak is being driven by the

1100 nsin fuel manifold pressure prior to opening the pintle.

A small fuel leak at surface A is directly in alignment with the eroded area.

The smaller the leak, the higher the localized mixture ratio and temperature.

This localized high temperature then eroded the core locally, probably produc-

ing a small LOX leak at test start. The rake thermocouple in alignment with

the eroded area burned out at one second. The erosion continued throughout

the run until massive burn through occurred at 9.2 seconds.

The injector to thrust chamber interface employed prior to Test 10 is shown

in Figure 72. If a small fuel leak existed, the leak would have been directed

away from the core.

As nreviously stated, the small indications of combustion during the LOX lead

have been noted only since incorporation of the new interface design. Since no
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FIGU~r 72. Oriqlinal Injector to Thrust Chamber Interface
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indications of core erosion had been noted during the performance of 13 tests

accumulating 76 seconds of ooeration, it is felt that the core erosion is not

a basic design concept problem, but a minor hardware assembly and ore-test

checkout problem.

Additional analysis of the data and hardware indicated no evidence of: (1)

combustion instability, (2) structural inadequacy, (3) test senuence, (4) test

performance, or (5) injector contamination anomalies.

The erosion in the fuel ring to thrust chamber is not in alignment with tne

core erosion, however, the same type fuel leak may have also caused localized

overheating in this area. Also, the minor surface erosion of the nickel ring

in alignment with the core burn through may have produced sufficient thermal

distortion to produce a gap between the nickel ring and the fuel ring to allow

hot gas recirculation. The nickel interface ring was found to be distorted

post-test.

Test No. 014

Test Facility No. 634-007 5 May 1982

Hardware Configuration. The injector assembly was completely rebuilt. In

light of the core erosion noted as a result of test No. 13, extreme care was

exercised to assure that no possibility of minor fuel leakage past the positive

face shut off seal existed. Following completion of assembly the injector was

leak checked by pressurizing the fuel manifold to 1100 psig with the pintle

closed. No evidence of pressure decay in the isolated locked up system was

noted. The injector was mated with the thrust chamber and the nickel thermal

shield was custom machined such that line contact was made between the thermal

shield and the fuel ring tip as shown in Figure 61. This effort was

accomplished to verify that a gap did not exist which could cause hot gas

pumping producing erosion. Following installation of the gas generator in the
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test facility, with the mounting bolts tornued, the 1100 psiq pressure lock un

leak check was repeated to assure that a minor leak did not exist as a result

of structural loading produced by test stand installation.

The gas generator was fitted with the right angle hot gas turbulator as

shown in Figure 30, page 46.

Test Objectives. The objective of this test was to verify the hypothesis that

the core erosion was caused by the minor fuel leak and that the mitered

hot gas turbulator (discussed in the desiqn section of this report) was

capable of producing the desired hot gas temperature pattern factor.

Results. The test was a programmed 30 second duration restart test, three

10 second full power level tests performed back to back with 3 seconds off

between cycles. The hot 'as temperature pattern factor was measured to be

0.033 as compared to less than tarqet valve of 0.065. Figure 73 indicated

the temperature measurements from the chamber wall to the centerline as

compared to the values obtained prior to installation of the right angle

turburlator. The right angle turbulator was in excellent condition.

The core was eroded similar to test 13 except the erosion did not extend

into the LOX manifold. The thermal isolation ring and fuel ring were eroded

through into the fuel manifold. The location of the erosion is indicated in

Figure 74 and a photograph of the eroded areas is presented in Figures 15.& 76.

All other injector and combustion chamber components were in excellent

condition.

Data analysis indicated no fuel leaks into the hardware prior to start of

cycle No. 1 of the test. As evidence by no indication of combustion chambcr

temperature or pressure prior to start of the cycle, both cycle No. 2 and 3

indicated a temperature and pressure increase when the main LOX valve opened

prior to opening the pintle, reference Figure 77. Evaluation of the fuel

flowmeter data (Figure 78 ) indicated no fuel flow prior to the start of cycle
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FIGURE 78

FUEL FLOW TEST 14
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No. 1. Following the 0.8 second fuel override at the termination of cycle

No. 1, the fuel flow decreased to zero. Approximately 0.5 seconds orior tn

the start of cycle No. 2 the fuel flowrate beqan to increase indicative of a

fuel leak. After the termination of cycle 2 the fuel flow does not decrease to

zero after the pintle closes. Based on this data, it appears that the fuel

rinq eroded into the fuel manifold sometime during or following the first

cycle.

Since no fuel leakage was noted prior to the start of cycle No. 1, it apriears

that the original hypothesis that a minor fuel leak into the system caused

the core and fuel ring erosion was in error. As a result, an investiq~tion

was initiated concerning the differences between previous successful tests

and test 13 and 14 displaying core and fuel ring erosion.

The results of this investigation conducted for all tests performed du-ini

the entire gas generator hot fire test program is presented in Table IX

The conclusions from this investigation were that two significant differences

were observed relative to test 13 and 14 as compared to all other tests: 1)

the core ablative shield installation was different for test 13 and 14, and

2) significant differences in the vibration data was observed.

The core erosion at the interface between the bonded on ablative core shield

and INCO 718 core was very similar in appearance for both tests 13 and 14.

The core shield was installed with Dow Corning 93104 adhesive for both test

13 and 14. The bonding material used for all previous tests was phenolic

resin. The Dow Corning adhesive is known to be less comnatible with liauid

oxygen than the phenolic resin. In addition the core shield surface for

the first 12 tests was coated with phenolic epoxy (Lance production method).

The coating,,which is a thin spray,seals the relatively poris ablative surface

providing a barrier to prevent impregnation of oxygen during the LOX lead

for the initial hot fire test of a new core assembly. As a result of the

first hot fire test, the coating is burned off and a surface char is

developed which tends to prevent oxyqen surface impregnation for subsequent
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hot fire tests.

Review of hardware condition indicated no ablative glassinq at the bond line

between the ablative and the core and the ablative material adjacent to the

bond line for the core assembly used for the first 12 tests.

The edges of the ablative were found to be glassed for both tests 13 and 14

indicative of achieving a temperature of at least 26000F, higher than the

melting temperature of the INCO 718 core body.

It is theorized that the cause of the core nrosion, unique to tests 13 and

14, was associated with the less compatihle adhesive used for these tests

and the lack of ablative surface coating which nrevented ablative oxyqen

impregnation, during the test start LOX lead. This impreqnation could have

increased the localized temoerature.

Figure 79 presents the core erosion logic. The order of events for the core

shield used for the first 12 tests is as follows: 1) during the start

transient, the LOX contacts the coated ablative and is nrevented from pene-

trating the surface, 2) after ignition an ablative surface char forms, 3)

as the run progresses charing continues. For tests 13 and 14 the flow locic

is as follows: 1) during the LOX lead, LOX contacts the uncoated poris

ablative, 2) LOX reacts with the adhesive and localized high temperature

burning is initiated at the bond line, 3) high temperatureburninn initiates

metal ignition, and 4) metal burning continues throughout the run.

Since the core erosion problem is unique to tests 13 and 14 and the core

installation procedure is unique to these two tests, it is felt that the

core erosion is not a basic design problem. For future tests the ablative

core shield would be replaced with copper for better thermal management

similar to the copper plating successfully used on the pintle tip.
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The erosion of the fuel rinq and thermal shield nad many of the features

of damage caused by combustion instability. The initial review of the

accelerometer high freauency data from tests 13 and 14 indicated that the

amDlitudes were very lowless than 10 grms, however, close inspection of

the data indicated the following: the classical chamLer and injector annulus

modes were displayed in the data. Table X indicates the theoretical

calculated frequencies. The combustion chamber mode definitions are

evident. The injector modes are related to the annulus that is formed

when the pintle is open as shown in Figure 80.

Figure 81 indicates the maximum amplitudes of the chamber and annulus

frequencies. From this data plot is can be seen that the maximum g level

noted was less than 2.8 grms.

A review of the vibration data from all tests was performed. Figure C2

presents a typical accelerometer trace from test 10 which was a successful

10 second duration full power level test. This plot displays discrete slices

of relative amplitude data over the complete test duration. It can be seen

from this plot the maximum amplitude was associated with the first tangential

chamber mode with minor indications of the first annulus, first and second

annulus modes. Again all amplitudes were very low. This data

plot is typical for all tests except 13 and 14.

A similar data plot is presented for Test 13 (Figure 83) indicating core and

fuel ring erosion. For the first 3 seconas of tne test, tne amplituae of the first

annulus mode is extremely low at approximately 2.5 seconds the amplitude

begins to develop, and as the run progresses the amplitude of the

second annulus mode develops. Similarly the first 10 second cycle of

test 14 Figure 84 indicates very low amplitudes of the first annular mode

during the first 3 seconds of operation the amplitude of the mode increases

after this point in time.
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TABLE X
COMBUSTION STABILITY DATA

* ACCELEROMETER DATA INDICATES THE PRESENCE OF THE
FOLLOWING COMBUSTION FREQUENCIES

* CHAMBER FIRST TANGENTIAL 2446 HZ

* CHAMBER SECOND TANGENTIAL 4057 HZ

• CHAMBER FIRST LONGITUDINAL 696 HZ

" CHAMBER SECOND LONG ITUDINAL 1392 HZ

* INJECTOR ANNULUS FIRST MOD 2961 HZ

* INJECTOR ANNULUS SECONU 5922 HZ

* ALL ACCELEROMETER AMPLITUDES < 10 GRMS

PAST HARDWARE EXPERIENCE INDICATES
STABLE COMBUSTION
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FIGURE 02

ACCELEROMETER DATA TEST 10
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FIGURE 83

ACCELEROMETER DATA TEST 13

CORE AND FUEL RING EROSION
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FIGURE 84

ACCELEROMETER DATA-TEST 14
FIRST CYCLE CORE AND FUEL RING EROSION
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Continuing on with the data from the second and third cycle (Figures 85 and

86 ) we see that the first annular mode is always present and the first

tangential mode begins to increase and amplitude. Finally the second tangential

annular mode develops during the third cycle. It is again emphasized that

even though the data appears to indicate high amplitudes at no time during

test 14 or 15 does the amplitude exceed 10 grins, which is considered a

stable system. The well defined annulus modes and obvious growth in amplitude

as the run progresses is unique to test 13 and 14, the only tests resulting

in the hiqhly localized massive fuel ring erosion.

Pure low amplitude spinninq modes are not generally damaging even though they

do tend to decrease the heat transfer boundary layer and increase the heat

input to the hardware primarily on the external diacieter of the annulus.

Also, spinning mode hardware damage is not preferential to anqular locations

the damage noted to the outer diameter was highly preferential as noted in

Figure 87 for test 13 dnd 14.

lhe presence of a reflection zone in the annulus can force a spinning mode

to become a standing mode. The difference in the standinn mode as compared

to the spinning mode is the existence of pressure and velocity modes dt

discrete locations. These discrete modes can cause hardware damane in localize('

areas such as noted as a result of test 14 and lb.

It is suggested that the mechanism which triggered the obvious development

of the standing modes noted during test 13 and 14 was the core erosion which

produced an axial disruption in the flow field. In other words, produced a

dam in the annulus or reflection zone which initiated the destructive standing

first and second annular ndes.

In summary, it is felt that the fuel ring damage associated with tests 13 and

14 was triggered by the core erosion which was also uninue to tests 14 and 15

as previously discussed.
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FIGURE 85

TEST 14 CYCLE 2
CORE AND FUEL RING EROSION
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FIGUIR[ S6

TEST 14 CYCLE 3
CORE AND FUEL RING EROSION

10

zz

FIS TAGNTA -

SECOND ONIUNA NLU J SEON TAGNTA

138



FIGURE 87

LOCATION OF INJECTOR EROSION

FUEL RING EROSION
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The previous tests indicating no core or fuel ring erosion other than to

minor random fuel ring edge nibbling which was caused by lack of capability

to transfer heat by the relatively low thermal conductivity 347 Cress.

Based on this degree of success and unique changes made in the core ablative

shield installation, it is concluded that the core shield installation was

the basic cause of the overall erosion problem. It is obvious from the test

data that the primary annular modes are always present, however, development

into a destructive standing first and second tangential mode requires a

triggering mechanism such as the core erosion producing an axial flow

disruption or reflection zone.

The core erosion and fuel ring erosions are not considered a basic concept

Droblem but a problem associated with the core shield. Removal of the core

shield and incorporation of copper to manage the heat load will probably

solve the problem--similar to the success noted with the copper plate

pintle tip incorporated to solve an erosion problem.
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CONCLUSIONS

It is concluded that the basic objectives of the program were achieved, namely

to demonstrate the feasibility of a LOX/JP-4 fast start restartable 15,00n

HP gas generator capable of throttling and purgeless operation. The develop-

ment problems encountered were identified, appropriate hardware changes were

incorporated and hot fire test demonstrated the effectiveness of the

corrective action. The key gas generator requirements of fast starting,

restartability, purgeless operation, throttling and hot gas temperature

distribution were demonstrated.

The last two tests did indicate core and fuel ring erosion. The analysis

of the data and the uniqueness of these two tests were identified. The

overall concept of a restartable high power LOX/JP-4 is sound and worthy

of further development.
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APPENDIX A

Injector Mixture Ratio Distribution

Previous hot fire testing of the gas qenerator indicated the presence

of a hot core injector. Cold flow tests using immiscible propellant

simulants (water and trichloroethane) were performed in an effort to

optimize the injector confiquration. The configurations tested were:

1) The LOX splash plate configuration used for the
hot fire test series (Figure A-la).

2) The Lance injector configuration with both a fuel and
LOX splash plate (Figure A-2a).

3) Both splash plates removed (Figure A-3a).

4) Both splash plates removed with the impinging
propellant streams misaligned.

The data from these tests has been analyzed and is shown in Figures A-2

through A-6. The data is presented as propellant mass fraction with

respect to the chamber center line and chamber wall. The solid line

represents the oxidizer mass fraction and the fuel mass fraction is

represented by the dash line. When the solid and dash lines are

coincident, the mixture ratio is equal to the injected mixture ratio.

The approximate peak mixture ratios are indicated on the data plot. All

test configurations indicated a highly localized mass distribution.

The cold flow tests performed on the baseline injector (Figures A2 & A3)

LOX splash plate and no fuel splash plate does not indicate a LOX rich

core as the hot fire data indicated at the 100 percent power level. The
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data did indicate massive maldistribution of the mass to the outer chamber

wall. This information combined with an analysis using the transient

combustion analysis program (Figure A-7)indicates that the central stream

of oxidizer rich high temperature gases is the result of "radial winds."

Typically, "radial winds" are the result of radial mass distribution faults.

Local high mass flux areas generate gases which flow to areas of low mass

flux carrying vaporized and reacting propellants to these low mass areas.

In a liquid oxygen/liquid hydrocarbon system, the oxidizer is vaporizing

much faster than the fuel. These transported gases are significantly

higher in oxidizer fraction than the mean mass flow. "Radial winds" have

been usually associated with combustor "head end" heat flux and erosion

caused by the usual injector mass profiles deficient in the outer zone.

In this case, the outer zone is overloaded, the "radial wind" was inward.

The hot fire data indicated an excellent temperature distribution at the

50 percent power level. The 50 percent power level cold flow data (Figure

A-3) indicates a tendency to move the injected propellant mass toward the

centerline of the injector. In addition to producing a lower peak mixture

ratio, the transient combustion model (Figure A-8) indicates the tendency

to move the fuel toward the chamber centerline, thus providing the ,ote,,tial

for a more uniform mixture ratio profile. The exact cause for the hct gas

uniformity at smaller pintle positions is thought to be associated wit..

increased vaporization of the fuel produced by the smaller fuel drop size

at the smaller flow area.

The cold flow study indicated that operation with both splash plates (Figure

A-4) removed would improve the "radial wind" problem by concentrating the

mass flux near the combustor area centroid. However, the mixing efficiency

and atomization of the injector would be measurably worsened and the

local mass flux distribution woul.d be even more concentrated. A cold

flow experiment was also performed demonstrating mixture ratio control to
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make the center mass fuel rich and the outer zone oxidizer rich. This

was done by deliberate misalignment of the injection slots in an injector

assembly without splash plates (Figure A-5). The maldistribution

produced by this realignment would result in significant performance

loss and may reverse temperature distribution problem to a chamber wall.

Replacing the fuel splash plate (removed in modifying the lance injector

for this application)(Figure A-6) would probably improve mixing efficiency

slightly, but the mass distribution would still set the stage for the
"radial wind" problem that existed during the hot fire testing.

It was concluded from these analyses and test results that the existing

injector using a turhulence ring is the most promising configuration.

Injector/combustor turbulence is frequently used to enhance mixing and

atomization. Constritiots at the "iead end" of th- combustion chamber

have proven effective in many configurations and under various descriptive

names. "Choke rings," "turbulence rings," "performance augmentation

rings," and in some cases, so-called injector "splash plates" provide

tn,-se same functions. The type of devise proposed for the restartable

i ;tended to be close to the injector, but not so close as to be

a true "splash plate." The theory of operation requires that some

combustion take place upstream of the constriction, and these gases are

accelerated in the converging section. The high velocity gases entrain

the unreacted propellants enhancing atomization by shear and improving

mixing with turbulence. The sudden expansion and rapid diffusion of the

gases exiting the constriction further increase the turbulent mixing and

wind shear atomization.

This turbulence ring is based largely on the configuration used in the FLEXEM

(Flexible Energy Management) rocket engine which also was a pintie/slot

throttling injector configuration. In this program, the PAR (Performanced

Augmentation Ring) increased combustion efficiency from the mid-eighty

percent level to about 96 percent, reflecting significant mixing improvement.
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Other engines and other rocket engine companies have used the turbulence

generating constriction to effective advantage. i.iany of Rocketdyne's

earlier gas generators also incorporate configurations that generate

turbulence in a similar fashion. These devices are thus frequently used

to combat injector deficiencies with effective results.

Two turbulence ring configurations were considered (Figure A-9), one with

a 30' ramp angle and a second configuration with a 200 ramp angle. Both

configurations employ a 2-to-l contraction area ratio typical of the FLEXEM

configuration. The 30 degree convergence angle and the local reduction

to roughly half-chamber area that was typical of the FLEXEM performance

augmentation ring (PAR) would undoubtedly improve mixing, but there was

some concern about recirculation in the area upstream of the truncated ramp.

The rather abrupt angle between the injector spray mass and the converging

ramp is also a matter of concern. In the FLEXEM, the ramp angle was also

30 degrees and the spray exit angle was as high as 15 degrees, for a total

incidence angle of 45 degrees. This injector has a mass injection spray

angle approaching 45 degrees for a resulting incidence angle of 75 degrees.

A more conservative configuration utilizing a 20 degree ramp angle which

extends completely to the combustor wall diameter at the upstream end

(Figure A-9) eliminates the "pocket" where recirculation was anticipated

with the shorter ring and reduces the impingement angle of the injected

mass on the ramp to a nominal 65 degrees. The cylindrical length of the

reduced flow area section is also lengthened to one inch by this design

to improve thermal integrity by increasing the mass of the ring.
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